The mortality rates for different cancers are no longer an efficient tool for making national policy. The purpose of this study were to quantify the lifetime risks, life expectancies (LEs) after diagnosis, expected years of life lost (EYLL), and lifetime health care expenditures for 19 major cancers in Taiwan. Methods: A total of 831,314 patients with 19 pathologically proven cancers were abstracted from the Taiwan Cancer Registry from 1998 to 2012. They were linked to the National Mortality Registry (1998Registry ( -2014 and National Health Insurance reimbursement database (1998-2013) for survival and health care costs. We estimated the cumulative incidence rate for ages 0-79 years and the lifetime survival function for patients with different cancer sites. The EYLL was calculated by subtracting the LE of each cancer cohort from that of the age-and sex-matched referents simulated from national life tables. The estimated lifetime cost was calculated by adding up the product of survival probability and mean cost at the corresponding duration-to-date after adjustment for the inflation to the year of 2013. Results: There were 5 cancers with a lifetime risk exceeding 4%: colorectal, liver, lung, and prostate in males, and breast and colorectal in females. Cancers with EYLL of >10 years were: esophageal, intrahepatic bile ducts, liver, pancreas, oral, nasopharyngeal, leukemia, lung, and gallbladder, extrahepatic bile ducts and biliary tract in males, and intrahepatic bile ducts, pancreas, nasopharyngeal, lung, esophageal, leukemia, liver, gallbladder, extrahepatic bile ducts and biliary tract, ovary, and stomach in females. Cancers with lifetime health care expenditures exceeding US$50,000 to the National Health Insurance were as follows: leukemia, kidney, testis, renal pelvis and ureter in males, and renal pelvis and ureter, leukemia, breast, urinary bladder, kidney, ovary, and nasopharyngeal in females. All these impacts should be considered in health policy decisions.
Introduction
The current trend of quantification for the burden of cancer usually focuses on estimation of disability-adjusted life years, which is composed of years of life lost (YLL) and the years lost due to disability. 8 The related studies have been quite useful to obtain a quick, ballpark view of the global burden, especially when cancer registries in many countries are still at their initial or developing stages. In countries where big data regarding long-term follow-up are accessible, direct estimation of the difference in life expectancy (LE) between patients with a specific disease or cancer and those of age-and sex-matched referents simulated from national life tables, or, expected years of life lost are feasible. 9, 10 Moreover, inter-linkages of these data files can provide opportunities for estimation of lifetime health care expenditures and the demand for long-term care. [11] [12] [13] The development of these novel methods and big data linkages would make possible a more comprehensive estimation of the societal impact of a specific illness, 7 including cancer. In this study, we aim to inter-link 4 population-based data files of the Taiwan Cancer Registry, the Taiwan National Vital Statistics, the National Health Insurance (NHI), and the Taiwan Mortality Registry, to quantify lifetime risk (or, cumulative incidence rate from ages 0-79 [CIR 0-79 ]), LE after diagnosis, expected years of life lost (EYLL), and lifetime health care expenditures reimbursed by NHI for 19 major cancers followed for 17 years. As a corollary product, we also estimate the cost-per-life-year for cancer care, a generalized cost-effectiveness assessment. The analysis would be useful for resource allocation of cancer control for health policy makers and/or to help in making a direct comparison between the prevention and treatment of different cancers.
Methods
The study was approved by the Institutional Review Board of National Cheng Kung University Hospital (IRB number: A-ER-103-203) before commencement.
Study population and datasets
A total of 831,314 patients with a pathologically validated cancer diagnosis when aged between 0 and 79 years old were abstracted and interlinked from 4 datasets, as summarized in Figure 1 : the Taiwan Cancer Registry for 1998-2012, the Taiwan National Vital Statistics for 1998-2012, the reimbursement database of the NHI system (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , and the Taiwan Mortality Registry (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) . These datasets contain data on the patients' demographics, date of diagnosis, cancer site, histology, national life tables, survival status, and health care expenditure covered by the NHI. Because cancer is a catastrophic illness, the Taiwan NHI covers all costs of outpatient clinic visits and hospitalization, including laboratory and imaging studies and prescription medicines. The patients' personal information was protected by encrypting their identification numbers. The 19 major cancers included liver (ICD-9-CM code: 155), lung (ICD-9-CM code: 162), colorectal (ICD-9-CM code: 153-154, except for 153. 151.0-151.9), nasopharynx (ICD-9-CM code: 147.0-147.9), prostate (ICD-9-CM code: 185), urinary bladder (ICD-9-CM code: 188.0-188.9), kidney (ICD-9-CM code: 189.0), renal pelvis and ureter (ICD-9-CM code: 189.1-189.2), testis (ICD-9-CM code: 186.0-186.9), breast (ICD-9-CM code: 174.0-174.9), ovary (ICD-9-CM code: 183.0-183.9), cervix (ICD-9-CM code: 180.0-180.9), esophagus (ICD-9-CM code: 150.0-150.9), intrahepatic bile ducts (ICD-9-CM code: 155.1), gallbladder, extrahepatic bile ducts and biliary tract (ICD-9-CM code: 156.0-156.1, 156.9), and pancreas (ICD-9-CM code: 157.0-157.2, 157.8). The patients with cancer of the same organ system were grouped as a dynamic cancer cohort, indicating that they were diagnosed and recruited into the cohort at different calendar years during the period from 1998 to 2012, and we collected a total of 19 cancer cohorts.
Estimation of lifetime risk by CIR
With the age-and sex-specific number of new cases from the Taiwan Cancer Registry for every 3 consecutive calendar years as the numerators, and the corresponding population at risk from vital statistics as the denominators, we calculated the age-and sex-specific incidence rates (IR) and CIR for the 19 cancers. The CIR was calculated from ages 0 to 79 (CIR 0-79 ) to estimate the lifetime risk of a specific cancer. The CIR 0-79 was calculated from 1998 to 2012 to determine the trends in changes of lifetime risks. The formula is as follows: 
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Wu et al sex-matched referents simulated from the National Vital Statistics life tables. 11 The EYLL was the difference between LEs of the cancer cohort and those of the age-and sex-matched referents (Supplementary materials). The iSQoL 2 software was used to compute these estimations.
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Estimation of average monthly cost and its extrapolation to lifetime Taiwan's NHI categorizes every cancer patient with pathological proof as a case of catastrophic illness. The applications must be validated by 2 physicians and can then be waived from all co-payments related to the specific cancer or illness. Therefore, our reimbursement data for cancer are very comprehensive and cover all health care expenditures related to the registered illness. We added all the reimbursement costs for every case and calculated the monthly average after diagnosis. The estimated lifetime cost was calculated by adding the product of monthly survival rates and monthly mean costs. 11 The monthly mean costs beyond the maximum follow-up were estimated using the mean expenditures of the patients in a specific number of months prior to their death with a weighted average. The number could be decided according to the observed costs in the patients' last months, where the weights were dependent on the extrapolated hazard of death. The estimates of lifetime costs were also calculated using the iSQoL2 package.
Results
The demographic data and burdens to health (CIR 0-79 , LE after diagnosis, and EYLL) and lifetime costs of the 19 cancers are summarized in Table 1 . In males, the number of patients with liver cancer was the highest. Patients with prostate cancer showed the highest mean age at diagnosis (73.4±8.5 years). In females, the cohort of patients with breast cancer was the largest. Patients with cancers of the gallbladder, extrahepatic bile ducts, and biliary tract showed the highest mean age at diagnosis (68.9±12.5 years).
The lifetime risks of colorectal cancer and breast cancer were the highest, with CIR 0-79 of 6.79% and 6.77%, among males and females, respectively, from 2010 to 2012. The highest EYLL in males and females were esophageal cancer and cancer of intrahepatic bile ducts, with estimates of 19.1 and 17.1 years, respectively. Leukemia and cancer of renal pelvis and ureter represented the highest lifetime costs in males and females, with estimates of US$67,388 and US$78,586, respectively. Figure 2 summarizes the dynamic changes in CIR 0-79 for different cancers in both genders in the period from 1998 to 2012. In males, colorectal cancer surpassed cancers of the liver and lung to become the highest CIR 0-79 after 2010. While prostate cancer, oral cancer, esophageal cancer, and leukemia show an increasing trend, those of stomach and urinary bladder seem to have decreased over the last one and half decades. In addition, the trends of the other cancers appear flattened. In females, cancers of breast, colorectum, and lung show the highest CIR 0-79 and a generally increasing trend. Among these, the lifetime risk of breast cancer rose very fast, from 3.80% to 6.77%, during the observation period. In contrast, cervical cancer dramatically decreased, from a CIR 0-79 of 3.04% down to 1.17%. The trends of changes in CIR 0-79 among other cancers in females were similar to those seen in males, except for lung cancer, which still exhibited a rising trend. Figure 3 shows the EYLL and lifetime costs of the 19 cancers under consideration in Taiwan, stratified by gender. Leukemia seems to have the highest health burden and health care expenditures in both males and females, with an EYLL of >10 years and a lifetime cost of >US$50,000. Figure 4 shows the cost-effectiveness of health care services for cancer. By dividing the lifetime cost by the LE of the cancer of a specific organ system, we were able to estimate the cost-per-life year survival. Testicular and cervical cancers had the least steep slopes in males and females, respectively. In contrast, pancreas cancer had the steepest slopes in both males and females.
Discussion
This study links 4 national datasets to quantify the likelihood and major consequences of common cancers with a lifetime horizon. Namely, we estimated the lifetime risk, EYLL, and health care expenditures for 19 major cancers in Taiwan. The following arguments corroborate the accuracy of these estimates: first, the 4 datasets are well validated. Take the National Cancer Registry as an example. Taiwan established this system in 1979 and required all hospitals to report. 16, 17 All diagnoses require pathological evidence, with the exception of liver cancer, and all cancers had to be validated by at least 2 qualified experts after implementation by the NHI in 1995 (Supplementary materials).
17,18 Second, we followed 19 groups of patients with different cancer sites from 1998 to 2014, or, a total of 17 years. Therefore, we covered the survival function and reimbursement data up to the LE of most of such cancers. A long-term follow-up would be helpful to decrease the effects of individual fluctuations. Third, the rolling extrapolation method extended the survival month by month until the survival rate was <0.1%, which usually leads 
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Lifetime risks, loss of life expectancy, and health care expenditures to a more accurate estimation of the lifetime survival function than that obtained using the usual parametric method. 11, 15 Although our method may be more accurate than other currently available parametric methods, the estimation must be conducted again when there is any new development in treatment technology.
CIR 0-79 can be regarded as the lifetime risk of disease occurrence. 19 We found that colorectal and breast cancers had the highest CIR 0-79 in males and females (6.79% and 6.77%, respectively), and their trends over the last 15 years still appeared to be rising at the end of 2012. Moreover, the trends in the IR of breast cancer and cervical cancer appear to be consistent with those in the USA and Korea. 20, 21 Through cancer screening, patients can detect their cancers at earlier stages, even at a premalignant stage, which would likely save life-years and health care costs, as demonstrated for colorectal and cervical cancers. [22] [23] [24] Thus, Taiwan has launched a national campaign for screening of 4 cancers since 2010. 25 The cervical cancer screening rate has been consistently high (over 50% from 2004 to 2013), which may have contributed to the lowering of the CIR 0-79 values seen in Figure 2 . 26 However, the screening rates of breast and colorectal cancers began to rise after 2010 but were still below 40% before 2012 and appeared to have no direct linear correlation with their individual CIR 0-79 values ( Figures S1 and S2) . 27, 28 More research is needed to explore the related risk factors and determine the optimal age of beginning such screenings for a more cost-effective national strategy. 
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Considering the lifetime health burden, our results showed that esophageal and intrahepatic bile duct cancers had the highest EYLL in both males and females, with estimates of 19.1 and 17.1 years, respectively. We found leukemia in males and cancer of the renal pelvis and ureter in females represented the highest lifetime costs, with estimates of US$ 67,388 and US$ 78,586, respectively (Table 1) . In this study, however, we proposed considering both EYLL and lifetime costs together (Figure 3) as the potential savings that successful prevention of a cancer case could achieve. We found that the occurrence of one of following cancers would result in a loss of >10 years of EYLL plus expected health care costs of >US$ 50,000: leukemia in males and leukemia, nasopharyngeal, and ovary cancers in females.
In fact, the estimated EYLL at different stages of cancer could be used for adjustment of lead time bias on the evaluation of effectiveness of cancer screening. 29 Moreover, while Figure 3 reminds us that there is a lifelong horizon for quantification of benefits of prevention, Figure 4 calls for attention to cost-effectiveness, or, cost-per-life year of management/ treatment of 19 different cancers along the same metric. Future studies are warranted to multiply the dynamic changes in quality of life (QOL), human capital loss, and disability with lifetime survival function for a more comprehensive evaluation of cost-effectiveness from a societal perspective. Our study has the following limitations: First, the lifetime cost after cancer diagnosis in this study was only estimated based on reimbursement data from Taiwan's NHI, which does not include patients' out-of-pocket payments but includes non-cancer-related health expenditures. The lifetime health expenditures of patients with a long LE after diagnosis (e.g., >10 years) might be overestimated, whereas the estimation of lifetime health expenditures of patients with a short LE after diagnosis, say, <3-5 years, would be a lower bound. Second, this work has no data related to losses from a societal perspective, such as losses due to reduced productivity and consumption unrelated to health, as well as the other costs associated with long-term care. 7 We have thus heavily underestimated the potential savings for the successful prevention of a single case of cancer. Future studies are thus warranted to attempt estimation of these societal costs. Third, we did not consider patients' QOL in the quantification of health. Since most cancers will lead to impaired QOL throughout the patient's lifetime, we have obviously underestimated the savings with regard to improved QOL due to prevention. As such, the results of this study can only be considered as a lower bound, and the cost-per-life year cannot be directly compared with cost-per-quality-adjusted life year. Although decision makers may conduct sensitivity analyses by putting different overall utility values for QOL, comprehensive assessments of QOL Clinical Epidemiology 2018:10 submit your manuscript | www.dovepress.com
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Wu et al for cancers of different organ systems at different stages of cancer care are still needed for resources allocation. We may also consider quantification of loss-of quality-adjusted LE as an outcome measurement to adjust for any biased comparison related to different age distributions. Fourth, although this study followed all the cancer cohorts for 17 years, we had to rely on extrapolation to obtain the lifetime survival functions for those with a longer LE, such as patients with leukemia, cancer of the breast, cervix, and testis (Table 1) . We have shown in our previous studies that our estimates would be generally more accurate than those obtained with the usual parametric method by assuming a constant excess hazard after the end of follow-up. 30 Recently, we have adopted a rolling extrapolation method that would probably be the most accurate for censored claim data when estimating lifetime costs.
11
Conclusion
Because big data is now becoming more accessible, we can seize the opportunity to quantify the losses of life-years and health care costs in order to improve the fairness and efficiency of cancer control efforts. Given the limited data and underestimation of social costs, we have shown that the overall impacts of cancer in terms of lifetime risks, LE, EYLL, and reimbursement costs on NHI are tremendous. In other words, cancer control strategies should consider prevention first. Future studies are warranted to stratify the health care expenditures according to cancer relatedness and item cost for different technologies as well as to take into account impaired QOL, 5-year age strata, different calendar periods, pathological stages, and various other factors based on societal perspectives, including at least functional disability and productivity loss, for a more comprehensive assessment of the cost-effectiveness of cancer control.
Supplementary materials
Rolling extrapolation method for estimating survival
The rolling extrapolation algorithm proposed by Hwang et al 1 for estimating survival function beyond the maximum follow-up consists of 4 main steps. First, the survival times of referents are generated to match the patients in the index cohort with onset age and sex using national vital statistics. The estimated survival functions of the reference population and the index cohort are denoted as S(t|ref) for t = 0,1,..,L and S(t|ind) for t = 0,1,..,F, respectively, where F is the maximum follow-up (months) and L is the maximum lifespan (months) since onset age. Second, the ratio of survival functions between the index group and reference population is calculated, and denoted as W(t), which is usually between 0 and 1. The logit transformation of the relative survival W(t) would straighten the curve of logit W(t) after a certain time point if the patients had excess constant hazard over time. The logit W(t) is often smooth and approximately linear within each short time interval even when the assumption of excess constant hazard is not satisfied. Third, with the linearity property of the logit transformed curve, a restricted cubic splines model is fitted, which is linear beyond the last knot, to the observed curve of logit W(t). The first 1-month ahead prediction of logit Ŵ (F + 1) should be quite accurate and can be treated as a new "observed value". In the fourth step of rolling extrapolation, the data of logit Ŵ (t) is updated by dropping the first logit W(t) and adding the new "observed value," and a restricted cubic splines model is re-fitted to the updated data for predicting the next logit Ŵ (t) step-by-step until t = L. The survival function of the index cohort beyond the maximum follow-up can be obtained by:ˆˆˆ(
The area between the complete survival curves of the reference population and index cohort is an estimate of the EYLL. The standard error and 95% confidence interval of the expected years of life lost estimate can be obtained using bootstrap methods. An R package iSQoL2 is available at http://www.stat.sinica.edu.tw/isqol for users to implement the calculation in practice. 3. The reimbursement database of the NHI system: The reimbursement database of the NHI system covers >99.9% of people in Taiwan. Moreover, the committee of NHI reimbursement reviews the data and debugs unreasonable expenditure every 3 months (https://nhird.nhri.org.tw/en/). 5 4. Taiwan Mortality Registry: This is based on records from death certificates, which must be issued by doctors, although some are provided by prosecutors, especially those who committed suicide or died of injuries. The family and related institutions will be imposed with a fine if they do not report a death.
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